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ABSTRACT 

The  aim  of  this  paper  is  analyze  the  Variable  Speed  Wind  Turbine  (VSWT)  configuration  is  the  dominant  wind 
turbine  topology  available  at  this  moment  on  the  market.  To  study  the  performance  and  analysis  of  vector  control  on  large 
wind  turbines  with  the  advance  of  power  electronics  technology  for  Permanent  Magnet  Synchronous  Generator  (PMSG).  The 
Permanent  Magnet  Synchronous  Generator  (PMSG)  offers  better  performance  than  other  generators  because  of  its  higher 
efficiency  and  less  maintenance  since  they  don ’t  have  rotor  current  and  can  be  used  without  gearbox,  which  also  implies  a 
reduction  of  the  weight  of  the  nacelle  and  reduction  of  costs.  The  Variable  Speed  Wind  Turbine  (VSWT)  generator  consists  of 
another  three  parts:  wind  speed,  wind  turbine  and  drive  train.  The  verification  study  demonstrated  the  correct  implementation 
of  FAST’s  furling  dynamics.  The  whole  Wind  Turbine  Synchronous  Generator  has  been  implemented  in  Matlab. 

KEYWORDS:  Permanent  Magnet  Synchronous  Generator  (PMSG),  Variable  Speed  Wind  Turbine  (VSWT),  Pulse  Width 
Modulation  (PWM) 
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INTRODUCTION 

Wind  turbine  technology  has  developed  rapidly  over  the  past  decade  into  one  of  the  most  mature  renewable 
power  generation  system.  Compared  to  other  wind  turbine  systems  used  for  commercial  power  generation,  the 
acceleration  evolution  of  the  Direct-  Drive  Wind  Turbine  (WT)  with  a permanent  magnet  synchronous  generator  (D- 
PMSG)  can  be  attributed  to  its  simple  structure.  Low  cost  maintenance,  high  conversion  efficiency  and  high  reliability. 
Moreover,  its  decoupling  control  performance  is  much  less  sensitive  to  the  parameter  variations  of  the  generator. 
Therefore,  a high  performance  variable  speed  generation  including  high  efficiency  and  high  controllability  is  expected 
by  using  a PMSG  for  a wind  generation  system. 

The  third  part  discusses  the  simulation  results.  Aeroelasticity  of  wind  turbines  is  the  most  important 
characteristic  under  research  concerning  wind  turbines.  The  combination  of  aerodynamic,  elastic  and  inertial  forces 
acting  on  the  wind  turbine  is  very  important  in  determining  the  efficiency  and  safety  of  wind  turbines.  Aeroelastic 
simulation  is  tool  which  helps  to  investigate  the  static  and  dynamic  response  of  a wind  turbine  under  various  forces  of 
excitation  from  different  wind  conditions.  A clear  understanding  about  the  aerodynamics,  structural  dynamics  and  the 
interaction  between  these  two  enable  the  development  engineers  to  design  light  weight  highly  efficient  wind  turbines. 
International  Electro  technical  commission  (IEC)  has  structured  rules  and  standards  which  should  be  used  to  design  and 
certify  small  and  large  wind  turbines.  IEC  has  also  recognized  Aeroelastic  simulation  as  a tool  which  can  be  used  to 
evaluate  the  forces  acting  on  the  turbine. 
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THE  WIND  TURBINE  SYSTEM 

Wind  Energy  is  available  and  clean  source  of  energy  that  has  been  used  to  generate  the  electrical  power.  The 
system  in  figure  1 analyzed  is  variable  speed  wind  turbine  based  on  a multi-pole  PMSG.  Due  to  the  low  generator  speed, 
the  rotor  shaft  is  coupled  directly  to  the  generator,  which  means  that  no  gearbox  is  needed.  The  generator  is  connected  to 
grid  via  an  AC/DC/ AC  converter,  which  consists  of  an  uncontrolled  diode  rectifier  , boost  chopper  circuit  and  SV- 

PWM  voltage  source  inverter.  For  this  topology  of  converter,  operation  at  relatively  low  wind  speeds  is  possible  due  to  the 
inclusion  of  the  boost  circuit.  A transformer  is  located  between  the  inverter  and  the  point  common  connection  in  order  to 
raise  the  voltage  by  avoiding  losses  in  the  transport  of  the  current.  The  layout  of  the  electrical  part  is  depicted  in  figure.  It 
must  be  noted  that  this  study  is  dedicated  to  analyze  and  implement  the  model  from  the  wind  turbine  to  the  permanent 
magnet  synchronous  generator  (PMSG). 


Figure  1:  Block  Diagram  of  Wind  Turbine  System 
FAST  AEROELASTIC  WIND  TURBINE  MODEL 

In  general,  define  a aerodynamic  and  structural  model  of  wind  turbine  given  the  turbine  geometry  and 
aerodynamic  and  mechanical  properties  of  its  members  and  simulate  the  wind  turbine’s  aerodynamic  and  structural 
response  by  imposing  complex,  virtual,  wind  inflow  conditions.  Outputs  of  the  simulations  include  time  series  data  on  the 
aerodynamic  loads.  The  FAST  (Fatigue,  Aerodynamics,  Structures  and  Turbulence)  shown  in  Figure  2 is  capable  of 
predicting  both  the  extreme  and  fatigue  loads  of  two-and  three-bladed  horizontal  axis  wind  turbines.  It  is  proven  that  the 
structural  model  of  FAST  is  of  higher  validity  than  other  codes.  During  time  marching  analysis,  the  FAST  makes  it 
possible  to  control  the  turbine.  At  one  time,  FAST  was  an  acronym  for  Fatigue,  Aerodynamics,  Structures,  and  Turbulence, 
but  it  is  known  simply  as  FAST  today.  FAST  is  a publicly  available  aeroelastic  simulator  for  two  or  three-bladed  HAWTs. 
Aeroelastic  basically  means  it  simulates  the  interactions  of  aerodynamic  forces  (wind)  with  mechanical  bodies  (tower, 
nacelle,  rotor,  etc). 
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Figure  2:  FAST  Wind  Turbine  Model 

Two  different  wind  turbines  were  considered.  Both  are  permanent-magnet  direct-  drive  (PMDD)  systems. 
The  first  is  a 10  kW  system  based  heavily  on  the  Bergey  Excel  10  machine.  The  second  is  a 5 MW  system  based  on  the 
fictional  NREL  5 MW  turbine.  Systems  of  such  different  sizes  were  chosen  intentionally  so  that  the  final  products  would 
be  one  test  bed  representative  of  small  wind  turbines  and  one  representative  of  large  turbines.  Following  is  a short 
summary  of  the  FAST  models  for  each  machine.  The  simulation  shows  in  results. 

Turbsim 

TurbSim  uses  stochastic  models  to  simulate  turbulent  wind.  It  simulates  “time  series  of  three-component  wind- 
speed  vectors  at  points  in  a two-dimensional  vertical  rectangular  grid  that  is  fixed  in  space.  Figure  3 shows  how  this  idea 
works  with  a wind  turbine.  TurbSim  output  files  can  be  used  as  AeroDyn  input  files.  AeroDyn,  discussed  below,  is  a code 
that  is  used  in  conjunction  with  an  aeroelastic  simulator,  such  as  FAST,  to  “predict  the  aerodynamics  of  HAWT’s.  When 
used  with  AeroDyn,  a TurbSim-generated  wind  file  consists  of  many  fields  of  wind,  such  as  the  one  that  are  “marched 
through”  the  wind  turbine  in  time.  This  means  that  very  complicated  sets  of  turbulent,  high-resolution  wind  data  can  be 
generated  by  TurbSim  and  used  in  FAST  simulations.  Such  data  sets  would  be  very  difficult  to  obtain  from  conventional 
wind  monitoring  systems. 


PERMANENT-MAGNET  SYNCHRONOUS  GENERATORS 

A large  amount  of  literature  exists  that  details  the  design  and  operation  of  permanent-magnet  synchronous 
machines  (PMSMs),  mostly  focusing  on  their  use  as  motors.  But  the  equations  are  the  same  for  motor  and  generator 
operation.  The  most  commonly  used  electrical  model  for  a PMSM  is  given  by  some  form  of 


www.tivrc.ors 


editor  @tjprc.  org 


4 


Karthik  Saikumar 


— Rir  - h pior  Ud  -h  t/.)  -h  (2) 

T*  = “ Lq)  + Viq (3) 


In  addition  to  the  preceding  three  equations,  two  others  that  describe  the  mechanical  dynamics  of  the 
turbine/generator  are  commonly  used.  The  first  mechanical  equation  is  found  in  the  literature  as  well,  also  with  some  slight 
variations  due  to  sign  conventions  and  simplifying  assumptions, 

^ L s r £.3  ■ (4) 

The  other  mechanical  equation  is 

4-  = Gif (5) 


Torque  and  Speed  Control  of  Permanent-Magnet  Synchronous  Generators 

The  generator-side  control  scheme’s  ultimate  goal  is  to  control  the  speed  of  the  generator.  Controlling  generator 
speed  allows  a controller  to  capture  as  much  power  as  possible  from  the  wind.  Figure  4.  shows  the  generator  side  control 
scheme.  Equation  7 describes  the  rotational  dynamics  of  a wind  turbine.  The  inertia  and  damping  coefficients  are  obviously 
not  controllable,  the  torque  on  the  generator  shaft  due  to  the  wind,  could  be  controlled  by  changing  the  blade  pitch, 

but  that  is  left  for  a later  section.  For  now,  assume  that  the  blade  pitch  is  fixed.  Therefore,  the  term  in  (7)  that  can  be  used 
to  control  generator  speed  is  the  generator  torque. 


Torque  Control 


To  understand  how  torque  can  be  controlled,  consider 




(9) 


One  of  the  conditions  that  a given  PMSG  must  meet  in  order  to  work  with  the  controllers  presented  here  is  that  it 
must  be  non-salient  and  the  above  equation  can  be  rearranged  to  solve  for  l ^ and  substitute  with  the  result. 


^ ■ E I j E 

U\p  f * 


+ pfryq  J + (x*rf 


(10) 
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Because  neither  nor  i ^ are  constant,  (10)  is  a nonlinear  equation,  so  linear  techniques  cannot  be  used  to 
design  a controller  for  it.  The  approach  that  many  designers  of  controller  rectifier  shave  taken  is  to  use  a technique  called 
“feedback  linearization”.  This  technique  is  sometimes  called  “decoupling”  in  the  literature.  The  basic  idea  of  feedback 
linearization  is  to  design  a controller  for  the  linear  part  of  the  system,  and  then  add  the  nonlinear  term(s)  to  the  output  of 
the  controller  to  find  the  control  signal.  The  linear  part  of  (10),  neglecting  the  last  term,  can  be  written  in  the  Laplace 
domain  as 

f sisTtfCsr)) (11) 

Equation  (11)  can  then  be  rearranged  into  transfer  function  form  as 

_ 3 1'  lc 



A parallel  PI  controller  has  the  transfer  function 


Simulation  results  showing  torque  control  for  both  systems. 

Speed  Control 

As  previously  stated,  the  whole  reason  for  controlling  torque  in  a PMSG  is  so  that  the  speed  can  then  be 
controlled.  Designing  a speed  controller  is  not  quite  as  straightforward  as  designing  a torque  controller,  however. 

= T - CDi>r  - Tcsro) (14) 

As  a general  rule,  the  more  negative  the  real  part  of  a PI  zero,  the  faster  the  response.  To  further  complicate 
matters,  (used  to  control**)  is  limited  by  the  DC  link  voltage.  It  is  quite  possible  for  the  control  system  to  reach  that 

limit  by  trying  to  change  the  rotor  speed  too  quickly.  This  is  dealt  with  in  two  ways:  first,  the  rate  at  which  the  controller  is 
allowed  to  change  the  rotor  speed  set  point  is  limited.  This  is  quite  practical  in  fact  because  the  rotor  generally  does  not 
need  to  change  its  speed  very  quickly.  The  second  is  to  employ  anti-windup  on  the  integral  control.  When  the  limit  placed 
on  the  output  of  the  integrator  is  reached,  it  saturates,  the  integrator  is  clamped  at  the  saturation  value.  A PI  with  clamping 
is  shown  in  block  diagram  form  in  Figure  5. 


Figure  5:  PI  Controller  with  Anti- Windup 


For  the  speed  controller,  e in  Figure  5 is  — a*r  and  u is  t*.  If  the  maximum  rated  generator  torque  is  specified 
by  the  manufacturer,  that  should  be  the  level  at  which  the  speed  controller  saturates.  If  that  maximum  rated  torque  is  not 
known,  it  can  be  estimated  based  on  the  generator’s  maximum  power  and  voltage  ratings. 


www.tivrc.ors 


editor  @tjprc.  org 


6 


Karthik  Saikumar 


FILTER  AND  INVERTER  CONTROL  DESIGN 

It  is  most  common  for  the  DC  link  voltage  to  be  controlled  by  the  inverter,  which  is  how  the  systems  in  this  thesis 
operate.  Therefore  a control  system  must  be  designed  in  order  to  keep  the  DC  link  voltage  somewhat  steady  at  a level  that 
is  appropriate  for  controlling  both  the  PMSG  and  the  power  injected  into  the  grid.  A filter  must  be  used  in  order  to  reduce 
harmonic  content  in  the  inverter’s  output  to  acceptable  levels  and  a transformer  is  needed  to  provide  isolation  between  the 
inverter  and  the  grid.  A schematic  for  the  inverter,  filter,  transformer,  and  grid  is  shown  in  Figure  6.  The  sensors  needed  for 
feedback  signals  are  also  shown.  The  first  subsection  of  this  chapter  will  discuss  the  design  of  LCL  filter,  and  the  second 
subsection  will  explore  the  design  of  the  phase-locked  loop  needed  for  the  controller.  Next,  expressions  for  active  and 
reactive  power  will  be  formulated  in  the  synchronous  reference  frame.  Finally,  controller  design  for  reactive  power  and  DC 
link  voltage  will  be  presented. 


Figure  6:  Schematic  Diagram  of  Inverter,  Filter,  Transformer  and  Grid 


LCL  Filter  Design  and  Transformer 

It  is  necessary  to  use  a filter  in  order  to  reduce  the  harmonics  injected  to  the  grid  to  acceptable  levels.  The 
simplest  type  of  filter  that  can  be  used  is  a purely  inductive  one.  However,  it  may  take  an  unreasonably  large  inductor  to 
provide  enough  filtering.  Therefore,  many  designers  have  chosen  to  use  an  LCL  filter  such  as  the  one  shown  in  Figure  6. 
Lowpass  LCL  filters  provide  60  dB/dec  of  attenuation,  so  they  are  more  effective  at  filtering  harmonics  with  smaller 
component  values  than  lower-order  filters.  They  have  an  inherent  weakness,  though,  around  their  resonant  frequency. 
Consider  Figure  7 where  a single  phase  of  the  filter  with  a resistor  in  series  with  the  capacitor  is  shown. 


Figure  7:  Single  Phase  of  an  LCL  Filter  with  Passive  Damping 

The  damped  system  has  only  a small  “blip”  around  the  resonant  frequency.  Including  the  damping  resistor  does 
increase  the  losses  in  the  filter,  which  can  be  calculated  by  using 


(15) 


Where  h is  the  harmonic  number,  v€  is  the  capacitor  voltage,  and  is  the  grid  voltage.  There  are  alternate 
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methods  to  passive  damping  called  “active  damping”  that  use  control  techniques  to  reduce  the  resonant  effect.  A procedure 
for  designing  LCL  filters  published  by  Lisesrre,  Blaabjerg,  and  Hansen  .The  procedure  is  written  in  terms  of  base 
impedance  and  base  capacitance,  which  are  defined  as 


(16) 


And 


i 


Reactive  Power  Control 


(17) 


Because  is  set  by  the  grid),  Q can  be  independently  controlled  by  controlling  . This  gives  the  inverter  the  ability 
to  act  as  a STATCOM  and  support  the  grid  voltage  by  sourcing  or  sinking  VARs.  A feedback-  linearized  PI  controller  can 
be  designed  to  control  . The  references  for  this  practice  and  for  DC  link  voltage  control  may  interchange  the  uses  of  i ^ 
ande  ~ , because  of  differences  in  reference  frame  orientation.  The  transfer  function  form  is 

■ d.  k 

L'ji  Sl+J!  (18) 


The  grid  definitely  has  some  inductance  and  resistance  from  the  inverter’s  point  of  view,  but  it  is  very  difficult  to 
estimate  what  they  may  be.  Therefore,  the  L and  R used  to  design  the  controller  are  the  total  series  inductance  and  series 
resistance  of  the  filter  and  the  primary  of  the  transformer. 

DC  Link  Voltage  Control 

The  previous  section  explained  how  is  used  to  control  the  reactive  power  output  of  the  inverter.  In  Dc  link 
voltage  control  is  used  to  control  the  inverter’ s active  power  output.  It  is  true,  iq  is  used  to  control  p ,but  not  directly 
Instead,  it  is  common  practice  to  use  to  regulate  the  DC  link  voltage.  This  is  intuitive  because  if  the  DC  link  voltage 

stays  constant,  all  of  the  energy  output  of  the  active  rectifier  must  then  be  transferred  to  the  inverter,  less  losses  of  course. 
A general  transfer  function  that  exhibits  such  a curve  is 

rid  = 

ulil  Tj+1  


Zeigler  and  Nichols  provided  guidelines  from  which  to  start  the  iterative  tuning  process  based  on  a good  tradeoff 
between  fast  response  and  good  stability  margins  for  the  system  given  by  (19).  For  a PI  controller,  those  guidelines  are 


KP 


c.g 

po- 


rn 


SIMULATION  RESULTS 


The  Bergey’s  power  curve  was  found  through  actual  test  data  collected  in.  The  model’s  power  curve  was  found  by 
setting  the  wind  to  a constant  value,  and  then  stepping  through  successive  speed  set  points  until  the  maximum  steady-state 
electrical  power  was  found.  Figure  8 shows  the  wind  input  used  for  simulation  results.  It  has  been  documented  that  the 
FAST  model  turbine  spins  too  fast  at  and  above  10  m/s  due  to  the  lack  of  blade  tip  torsion  in  FAST.  Electromechanical 
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simulations  were  performed  to  show  the  high  level  of  detail  included  in  the  models  in  this  work,  as  well  as  the  broad  range 
of  variables  they  are  capable  of  simulating.  Figure  9 shows  the  speed  and  torque  of  the  generation.  The  generator  torque  is 
arbitrarily  controlled  to  demonstrate  the  validity  of  the  controller.  As  expected,  the  torque  approximately  follows  the  wind 
as  the  torque  controller  works  to  maintain  the  proper  speed.  The  speed  matches  its  set  point  well  throughout  the  simulation. 
Figure  10.  graphical  representation  shows  the  variation  of  mechanical  power  with  respect  to  turbine  speed.  Figure  11. 
graphical  representation  shows  the  real  power  and  reactive  power  comparison  for  PMSG. 


Figure  8:  Wind  Input  Used  in  100MW  System  Simulation 


Figure  9:  Generator  Speed  and  Torque  for  100MW  System  Simulation 
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Turbine  Speed  (urn) 

Figure  10:  Variation  of  Mechanical  Power  with  Turbine  Speed 


Tiinein  ms 

Figure  11:  Real  Power  and  Reactive  Power  Comparison  for  PMSG 

CONCLUSIONS 

The  main  objective  of  this  paper  the  Variable  Speed  Wind  Turbine  (VSWT)  configuration  and  simulation  of  the 
ultra  large  wind  turbine  system  using  validated  models  of  wind  turbine  mechanical  and  electrical  systems.  Our  manuscripts 
have  developed  in  the  formulation  of  comprehensive  models  of  PMDD  wind  turbines.  The  models  include  aerodynamic, 
mechanical,  and  electrical  simulations  through  a combination  of  the  FAST  aeroelastic  simulator  and  the  SimPowerSystems 
toolbox  for  MATLAB/Simulink.  The  simulation  results  have  shown  the  correct  functioning  of  the  controllers  applied  on 
each  component  in  the  whole  system.  It  also  shows  the  high  levels  of  the  models  are  capable  of  producing. 
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